T h e thermal analysis of spacecraft engines is an essential step in deterniining the rate of heat transfer froni combustion gases t o the coolant and in evduating thermal stresses due t o temperature gradients. In the past, rocket engines \ v u ( * designed t o be used only once; therefme fatigue due t o thermal stresses wab not an issue and there was no need for an accurate evaluation of temperaturc qrn- 
Numerical Model
The geometry of a typical regeneratively cooled thrust chamber is shown in Figure 1 . The combustion chamber and nozzle wall consists of three layers made of ceramic coating, copper, and nickel with a number of cooling channels (layers of materials may change for different engines). The conductivities of the wall materials can be functions of the wall temperature. A numerical procedure for solving this problem is developed. In this procedure, the rocket thrust chamber and nozzle are subdivided into a number of two-dimensional stations along the longitudinal direction (see Figure 2) . The thermodynamic and transport properties of the combustion gases are evaluated using the computer program developed by Gordon and McBride [6-71. The GASP [8] or WASP [9] programs are implemented to obtain coolant thermodynamics and transport properties. First the static pressures, temperatures and enthalpies for the combustion gases are evaluated using the ROCKET subroutine given in [6] . At a given station, by making an initial guess for the temperature distribution, the gas and coolant adiabatic wall temperatures and wall properties can be evaluated based on the assumed wall temperature distribution using the computer properties codes [6- Kote that the coolant static density for the first iteration is set equal to the coolant static density of the previous station and at the first station it is set equal to its stagnation density. The static enthalpy is then calculated using the following equation:
The coolant stagnation enthalpy given in the right hand side of equation ( 5 ) [9] if the coolant is water. It should also be noted that there are three coolant heat transfer coefficients and adiabatic wall temperatures. They are for the top, side, and bottom walls of the cooling channel.
The variable heat transfer coefficient is due to the variable wall temperature in the cooling channel. The coolant reference and adiabatic wall enthalpies are also functions of wall temperature and are larger for the surface nodes closer to the bottom of the cooling channel.
Once the heat transfer coefficients and adiabatic wall temperatures for the hot gas and coolant are evaluated, the two-dimensional finite difference program discussed in reference [12] ' is used to re-evaluate the wall temperature distribution. Based on the revised wall temperature, new hot gas and coolant wall properties, heat transfer coefficients and adiabatic wall temperatures are calculated using equations (1) through (18) . Again, a new wall temperature distribution based on the most recent heat transfer coefficients and adiabatic wall temperatures is calculated using the two dimensional finite difference program [12] . This procedure is repeated until the relative difference between the temperature distribution of two consecutive iterations becomes negligibly small. By performing similar calculations for all stations, the temperature profile for the entire engine is calculated.
A complete flow chart of this numerical model is given in the Appendix.
Three assumptions are made in the present model:
1. Axial heat conduction through the engine wall is neglected, i.e., there is no heat conduction between two stations.
2. Radiation heat transfer between the hot gases and surfaces of the engine is not included in the present analysis.
3.
Steady state flow and heat transfer. ' The computer program discussed in [12] has been specifically developed for a rocket thrust chamber and nozzle two-dimensional configuration as shown in Figure 1 . Because of the symmetry of the configuration, computations are performed for only one cell (see Figure 3) . In this program the thermal conductivities can be functions of temperature and it implements a successive overrelaxation formula for a quick convergence. The resuling output of the program consists of the nodal temperature distribution, heat transfer to the coolant and heat, transfer from the hot gas.
A discussion regarding the validity of the above assumptions is presented in the next section.
Results and Discussion
A computer code based on the numerical model introduced in the previous section has been developed. A complete description of the code is presented in [16] and it is used to determine the temperature distribution and heat transfer char- This engine is subdivided into 22 stations. Table 1 shows dimensions of the engine and some thermal characteristics at each station (see Figure 3 for notation).
Note that dimensions given in Table 1 Tables 2, 3 and 4 reveals that the temperature gradient is relatively large in radial direction, especially for station 9. Hence, the uniform wall temperature assumption in the radial and circumferential direction used in the previous NASA model is not a good assumption for the engine considered here. This may also be true for any other high pressure thrust chamber. The resulting lumped wall (1-Dimensional model) temperatures along radial and circumferntial directions are also given in Figures 6 and 7 . As can be seen from these figures, the lumped temperature results are very close to those of the inner wall at the early stations; however, in the later stations the difference becomes larger which might be due to the large temperature gradient. For engines with lower chamber pressures, the temperature gradient is small; hence, the lumped temperature assumption will provide reasonable results.
Despite the improvements of the present code over the existing model, some items remain that should be considered in future modifications of the present model. One item is the axial heat conduction through the cooling channel wall.
By looking at the wall temperature distribution along the longitudinal direction . given in Figures 6 and 7 , one can see that there is a large wall temperature gradient in the axial direction. Hence, some heat is transferred by conduction between two neighboring stations. This heat transfer can roughly be estimated through where qn-l,n, An-1,n and ASn-,,, are the heat conduction, contact area and distance between stations n -1 and n respectively.
Another item which needs serious consideration is the radiative heat transfer from the hot gas to the surface and from surface to surface. The chamber temperature for the engine considered here reaches 3800"R while the wall temperature is of the order of 1200"R. With this temperature range, radiation becomes a significant means of heat transfer. A rough estimate of the radiative heat transfer from the hot gas to the surface can be obtained from [17] [18] 
where TG and Ts are gas and surface temperatures respectively, Kt and wo are gas total extinction coefficient and albedo for scattering, GS total exchange factor from gas to surface and u is the Stefan Boltzmann constant. Besides radiative transfer between the hot gas and surface, there is some radiative transfer from t h e high temperature surface to the lower temperature surface.
Finally, most rocket engines perform for a relatively short period of time and, for maneuvering purposes, the fuel and coolant flow rate vary during this. Therefore, they never reach a steady state condition. A transient thermal analysis, although a bit ambitious, would make the present model capable of simulating actual rocket performance. +Use the computer program given in [ d ] and [9] .
Concluding Remarks
$Use the computer program given in [12] . A numerical model for the three dimensional thermal analysis of rocket thrust chambers and nozzles has been developed. The input to the model consists of the composition of the fuel/oxidant mixture and flow rates, chamber pressure, coolant entrance temperature and pressure, dimensions of the engine, materials and the number of nodes in different parts of the engine. The model allows for temperature variation in three dimensions: axial, radial and circumferential directions and by implementing an iterative scheme, it provides nodal temperature distribution. rates of heat transfer, hot gas and coolant thermal and transport properties. 
